Reward-guided decision-making depends on a network of brain regions. Among these are the orbitofrontal and the anterior cingulate cortex. However, it is difficult to ascertain if these areas constitute anatomical and functional unities, and how these areas correspond between monkeys and humans. To address these questions we looked at connectivity profiles of these areas using resting-state functional MRI in 38 humans and 25 macaque monkeys. We sought brain regions in the macaque that resembled 10 human areas identified with decision making and brain regions in the human that resembled six macaque areas identified with decision making. We also used diffusion-weighted MRI to delineate key human orbital and medial frontal brain regions. We identified 21 different regions, many of which could be linked to particular aspects of reward-guided learning, valuation, and decision making, and in many cases we identified areas in the macaque with similar coupling profiles.
Reward-guided decision-making depends on a network of brain regions. Among these are the orbitofrontal and the anterior cingulate cortex. However, it is difficult to ascertain if these areas constitute anatomical and functional unities, and how these areas correspond between monkeys and humans. To address these questions we looked at connectivity profiles of these areas using resting-state functional MRI in 38 humans and 25 macaque monkeys. We sought brain regions in the macaque that resembled 10 human areas identified with decision making and brain regions in the human that resembled six macaque areas identified with decision making. We also used diffusion-weighted MRI to delineate key human orbital and medial frontal brain regions. We identified 21 different regions, many of which could be linked to particular aspects of reward-guided learning, valuation, and decision making, and in many cases we identified areas in the macaque with similar coupling profiles.
orbitofrontal cortex | anterior cingulate cortex | decision making | resting state functional connectivity | comparative anatomy A s humans we make decisions by taking into account different types of information, weighing our options carefully, and eventually coming to a conclusion. We then learn from witnessing the outcome of our decisions. Human functional MRI (fMRI) has had a major impact on elucidating the neural networks mediating decision making and learning, but key insights can only be obtained in neural recording, stimulation, and focal lesion studies conducted in animal models, such as the macaque. Combining insights from human fMRI and animal studies is, however, not straightforward because there is uncertainty about basic issues, such as anatomical and functional correspondences between species (1). For example, although there are many reports of decision value-related activity in the human ventromedial prefrontal cortex (vmPFC) (2, 3) , it is unclear whether they can be related to reports of reward-related activity either on the ventromedial surface of the frontal lobe (4, 5) , in the adjacent medial orbitofrontal sulcus (6) , or indeed to any macaque brain area. It is claimed that some areas implicated in rewardguided decision making and learning, such as parts of anterior cingulate cortex (ACC), are not found in macaques (7) , but such theories have never been formally tested.
In addition, there is uncertainty about the basic constituent components of decision-making and learning circuits. To return to the example of the vmPFC, although this region is often contrasted with similarly large subdivisions of the frontal cortex, such as the lateral orbitofrontal cortex (lOFC) and ACC (8) , it is unclear whether, and if so how, it should be decomposed into further subdivisions. Moreover, there are sometimes fundamental disagreements about how brain areas contribute to decision making and learning. For example, it has been claimed both that the ACC does (9-11) and does not (12) contribute to reward-based decision making and that it is concerned with distinct processes for task control, error detection, and conflict resolution (13, 14) . Reliable identification and location of ACC subcomponent regions could assist the resolution of such debates.
In the present study we formally compared brain regions implicated in reward-guided decision making and learning in humans and monkeys, and attempted to identify their key subdivisions in relation to function (Fig. 1) . We used fMRI in 25 monkeys and 38 humans to delineate the functional interactions of "decisionmaking regions" with other areas in the brain while subjects were at rest. Such interactions are reliant on anatomical connections between areas (15) and determine the information an area has access to and the way it can influence other areas, and thereby behavior. Each region of the brain has a defining set of interactions, a connectional or interactional "finger-print" (16) , that can be compared across species (17) (18) (19) . We focused on areas throughout the entire medial and orbital frontal lobe, including the ACC, lOFC, vmPFC, and frontal pole (FP) that have been related to decision making in humans and monkeys. The results suggested areal correspondences between species, as well as finer functional fractionations within regions than previously assumed. In a second step we used a complementary technique, diffusion-weighted (DW) MRI, to confirm the existence of 21 distinct component regions within the human medial and orbitofrontal cortex. The results suggest that every day human decision making capitalizes on a neural apparatus similar to that supporting decision making in monkeys.
Significance
Because of the interest in reward-guided learning and decision making, these neural mechanisms have been studied in both humans and monkeys. But whether and how key brain areas correspond between the two species has been uncertain. Areas in the two species can be compared as a function of the brain circuits in which they participate, which can be estimated from patterns of correlation in brain activity measured with functional MRI. Taking such measurements in 38 humans and 25 macaques, we identified fundamental similarities between the species and one human frontal area with no monkey counterpart. Altogether these findings suggest that everyday human decision-making capitalizes on a neural apparatus similar to the one that supports monkeys when foraging in the wild.
Results
The first goal was to relate human frontal cortical regions implicated in decision making and learning in neuroimaging studies to monkey brain regions (Fig. 1F) . We also did the reverse; we identified human brain regions resembling monkey frontal cortical regions implicated in decision making and learning.
We took the following approach: each time we looked at a specific human region we compared its functional coupling pattern to those associated with a set of 448 different monkey regions of interest (ROIs) within the ACC, lOFC, vmPFC, and FP trying to find one that would constitute the closest monkey match to the human region. We represented the closeness of the match at each voxel as a heat map. In most analyses several warm regions were apparent in the map but in each case the hottest area was found in an orbital or medial frontal region and it was this region that was taken as the best candidate for interspecies correspondence and highlighted with an arrow in Figs. 2-5 . Notably, the other warm areas in the map tended to be ones with which the frontal area being investigated was connected; in other words, the approach identified areas in similar functional circuits in the other species but in each case it particularly highlighted one potential homolog in the frontal cortex. We also did the reverse by matching monkey regions to 417 different human ROIs trying to find the best human match for any given monkey area. The comparisons were based on the frontal regions' activity coupling with 23 cortical and subcortical ROIs already identified as comparable in the two species (SI Appendix, Table S2 ).
VmPFC, Perigenual ACC, and Subgenual ACC. Human vmPFC activity has been linked to subjective values of objects and choices (20) (21) (22) . Positive correlation between activity and the values of chosen options and negative correlations with values of rejected options suggests a role in decision making (21) or attentional selection (23) . However, there is also evidence the vmPFC tracks values of items even in the absence of any decision or when watching somebody else choosing (24, 25) . Some studies have suggested that these value representations are independent of reward type (money, food) (26) and reflect the impact of other Fig. 1. (A) Overall approach of the study. fMRI analyses in 38 humans and 25 macaques were used to establish the whole-brain functional connectivity of regions in medial and orbital frontal cortex identified with reward-guided learning and decision making in the two species. The example shows the macaque brain regions that have a similar coupling profile to a human vmPFC region identified in a decision-making study (27) . Reproduced from ref. 27 , with permission from Macmillan Publishers Ltd, Nature Neuroscience. (B) Each region's functional connectivity with 23 key regions was then determined and (C) summarized as a functional connectivity fingerprint. (D) Once the functional connectivity fingerprint of a human brain area was established it was compared with the functional connectivity fingerprints of 380 ROIs in macaque orbital and medial frontal cortex (one example is shown here) by calculating the summed absolute difference [the "Manhattan" or "city-block" distance (17-19) of the coupling scores]. (E) Examples of the functional connectivity fingerprints for a human (blue) and a monkey (red) brain area. Most monkey ROIs matched human areas relatively poorly and extremely good and extremely bad matches were relatively rare. We used two SDs below the mean of this distribution of summed absolute differences as a cut-off to look for "significantly" good human to monkey matches. (21) , (B) more abstract reward-guided decision making (28), (C) cost-benefit valuation (27) , (D) imagining the reward outcomes of others (40) , and (E) self-valuation and depression (42) , could all be linked to macaque brain regions (Right) via similarities in their coupling patterns (Center: blue, macaque; red, human). However, a human brain area (D) associated with reward outcome imagination did not correspond in a simple way with any area in the macaque. factors affecting valuation, such as delay (27) , indicating a "common currency" value representation. However, other studies have hinted at a posterior-to-anterior gradient of increasing abstractness in value representation (28) . Here we show that this diversity of activity patterns is a consequence of the existence of several distinct component regions within the human vmPFC that can each be linked to different regions in the macaque.
We took the peak Montreal Neurological Institute (MNI) coordinates from a study implicating the vmPFC in decision making (21) and established its functional coupling pattern in humans ( Fig. 2A) . Similar activations have been reported nearby (10, 29, 30) . The vmPFC had positive functional coupling with the OFC, retrosplenial, lateral occipital, inferior temporal, posterior temporo-parietal junction (TPJp), and perirhinal cortex, as well as considerable coupling with the amygdala, hypothalamus, and ventral striatum. However, it is negatively coupled with the lateral FP (FPl) cortex, ACC, and midinferior parietal lobule (IPL). A similar coupling pattern was seen when we took a coordinate from a food valuation task reported by McNamee et al. (28) . A coupling pattern very similar to this was found in the monkey on the medial gyrus rectus near area 14m, as defined by Mackey and Petrides (31) .
We next examined the coupling pattern associated with a more anterior vmPFC region implicated especially in representing values of abstract goods and choices (28) (Fig. 2B) . Like adjacent regions, it exhibited some degree of coupling with the amygdala, hypothalamus, ventral striatum, medial temporal cortex, and temporal pole, but had stronger coupling with the posterior cingulate cortex (PCC), precuneus, and the head of the caudate. This area did not show negative coupling with the FPl, but instead with the supplementary motor area (SMA), pre-SMA, M1, and the intraparietal sulcus (IPS). This region's fMRI coupling pattern matched that of the monkey's anterior gyrus rectus and FP in areas 11m and 10m (31, 32) .
We looked at a region identified by Kable and Glimcher (27) (Fig. 2C ) that has activity that closely tracks the subjective values of delayed monetary rewards. The region is more dorsal and closer to the genu of the corpus callosum than the value-comparison regions discussed so far ( Fig. 2 A and B) . One suggestion is that it has a more direct role in tracking values rather than in making value-guided decisions (33) (34) (35) (36) . This region's coupling pattern was also distinct. Although it coupled with the temporal pole and TPJp, it also coupled with the PCC, precuneus, dorsolateral PFC (dlPFC), FPl, and the head of the caudate. The region correlates negatively with the SMA, dorsal premotor area (PMd), M1, and IPS. In a further analysis, we examined an even more dorsal perigenual region linked to individual variation in cost-benefit decision making (figure 4d in ref. 10 , and in the supplementary information in ref. 37) , and found that it was associated with a similar pattern of coupling (SI Appendix, Fig.  S1A ), although now there was less coupling with medial temporal regions, such as the amygdala and with dorsal and ventrolateral PFC and more coupling with premotor areas, such as the SMA. Voxels with similar coupling patterns were also found in the macaque in an arc of the perigenual cortex corresponding to cingulate area 24 and perhaps part of area 32 (38) . It is interesting to note that another region showing high similarity is in retrosplenial areas 30 and 29, which reflects the fact that regions that are connected, as is the case for the perigenual ACC (pgACC) and retrosplenial cortex (39) , tend to have similar connections with other regions across the brain. Importantly, the best-matching area of human pgACC is macaque area pgACC.
This region is not identical with the one previously mentioned to be related to value-comparison in the vmPFC. We formally tested the region's coupling patterns for significant differences using permutation testing and cluster-mass thresholding (SI Appendix, Fig. S7A ). We established that, whereas the vmPFC is more strongly coupled with the OFC, and inferior temporal and temporal pole areas, the pgACC was more strongly coupled with the posterior cingulate and retrosplenial cortex. These significant differences were largely similar across species and are consistent with the notion that these regions have different roles to play in value representation and reward-guided decision making (33) (34) (35) (36) .
Activity has also been reported in a more dorsal and anterior region (35 Fig. S2D ). A similar region was active when people imagined how much they would like new and unexperienced food items that were nevertheless composed of familiar components (30) . The resting fMRI coupling pattern associated with this region resembled that associated with the two perigenual regions reported by Kable and Glimcher (27) and Kolling et al. (10, 37) (Fig. 2E) ; however, the comparative weakness of coupling with the amygdala and temporal cortex areas meant that it most closely resembled a swathe of tissue in the macaque that extended from the anterior cingulate sulcus through area 9 on the dorsal convexity to the principal sulcus. These dorsomedial prefrontal cortex areas (dmPFC) can be reliably dissociated from vmPFC areas. We conducted a formal test for significant differences (SI Appendix, Fig. S7B ) in coupling patterns between the dmPFC (areas 32d and 9 from the connectivity-based parcellation, see below) and vmPFC (areas 14m and 11m). The dmPFC was significantly more coupled with cingulate motor areas (CMA), pre-SMA, dlPFC, and posterior ventrolateral PFC (vlPFC), as well as the head of the caudate, whereas the vmPFC was significantly more coupled with other parts of the OFC, inferior temporal and lateral occipital, as well as precuneus and ventral striatum. These significant differences were largely similar across species.
Another more posterior and subgenual vmPFC region is implicated in the altered pattern of self-valuation associated with depression (41) (Fig. 2E ). This area is the target of deep brain stimulation in patients with treatment-resistant depression (42) . We looked at the coupling pattern of this region and found it resembled other vmPFC regions; it shared strong positive functional coupling with the OFC, posterior inferior temporal, and perirhinal cortex but had stronger coupling with the ventral striatum, amygdala, and hypothalamus. In addition, this area had strong coupling with the medial temporal cortex and temporal pole. It was strongly negatively coupled with the FPl, dlPFC, and dmPFC. A similar coupling pattern was observed in the monkey in subgenual cingulate voxels in area 25 (31) . This region's coupling pattern, however, could be distinguished from that of the more anterior vmPFC identified with value-comparison and decision making. When a formal statistical comparison of the coupling patterns associated with these regions in the mid-vmPFC and subgenual vmPFC ( Fig. 2 A and B) was made, it was clear that there was a significant difference (SI Appendix, Fig. S8A ). Moreover, a three-way comparison of the subgenual vmPFC, anterior vmPFC, and pgACC confirmed that all three regions were robustly separable (SI Appendix, Fig. S8B ).
Next, we wanted to relate areas identified in macaques back to the human frontal cortex (Fig. 3) . Only a small number of studies have recorded this area of the macaque brain. Monosov and Hikosaka (5) report two subregions in the macaque vmPFC: a ventral subregion contained neurons persistently more active when monkeys experienced appetitive stimuli and a more dorsal subregion was more active when monkeys perceived aversive stimuli or "punishment." By establishing the functional coupling of these two adjacent monkey vmPFC subregions, we were able to match them, respectively, to a more antero-ventral (Fig. 3A) and a more postero-dorsal region within human vmPFC (Fig. 3B) . The coupling patterns associated with the more antero-ventral region resembled the region linked to simple value-guided choices ( Fig.  2A) , whereas the coupling pattern associated with the posterodorsal area resembled that associated with the subgenual region linked to altered self-valuation and depression (Fig. 2D ).
Amemori and Graybiel (11) have reported neurons in a dorsal perigenual cingulate region that play an important role in cost-benefit decision making. The fMRI coupling pattern associated with this region was distinct to that associated with the areas studied by Monosov and Hikosaka (5), but it resembled to some degree that associated with voxels in human dorsal perigenual cingulate cortex (Fig. 3C ) near regions implicated in cost-benefit integration in humans (27) (Fig. 2C) , especially the more dorsal ones studied by Kolling et al. (10, 37) (SI Appendix, Fig. S1A ).
Dorsal ACC. The dorsal ACC has been linked with executive control, inhibition, task switching, conflict resolution, and motor planning (13, (43) (44) (45) . Here we tried to establish whether a socalled "task-positive" region in the human ACC (13) (Fig. 4A ) could be found in the monkey ACC. In humans, this region is consistently "active" in several different cognitive control tasks and activity recorded here is sometimes referred to as being in the posterior rostral cingulate zone (RCZp) (46) . Based on its strong coupling with sensorimotor areas (M1, S1, SMA, pre-SMA, PMd, PMv), areas in the IPS (anterior IPS, and posterior IPS), moderate coupling with the dlPFC, and strong negative coupling with temporal lobe areas (TPJp, temporal pole, and superior temporal sulcus), we were able to match it to a monkey ACC region. This region was located in the middle of the cingulate sulcus close to the ventral CMA (CMAv) (47) .
Other human neuroimaging studies have implicated the ACC in learning and updating values of choices (48) (49) (50) . Activity in this region is sometimes described as being in the anterior RCZ (RCZa) (46) (Fig. 4B ). This region's strong positive functional coupling with the dlPFC, parietal operculum, insula, and pallidum, and strong negative coupling with the vmPFC, ventral striatum, amygdala, posterior IPL, and temporal lobe areas made it similar to a monkey region in the anterior cingulate sulcus near the rostral CMA (CMAr) (47) .
Both of these ACC regions, the RCZa/CMAr (Fig. 4B ) and RCZp/CMAv (Fig. 4A ), had quite distinct coupling patterns to the pgACC regions discussed in the previous section (Figs. 2C   and 3C ). In addition, they were distinct to other even more posterior ACC regions that correspond to the caudal cingulate zone/dorsal cingulate motor area (CCZ/CMAd) and to more ventral parts of area 23a (area 23/ab) (SI Appendix, Fig. S2 ). This finding was confirmed with a formal statistical comparison between these three region's coupling patterns (SI Appendix, Fig.  S9A ). However, the three cingulate motor areas, CCZ, RCZp, and RCZa, also shared fundamental similarities in their coupling patterns: all three showed some degree of coupling with the pre-SMA, SMA, dlPFC, and premotor, as well as anterior, IPL caudate and putamen. We looked for a significant gradient of change in functional coupling from anterior to posterior cingulate motor regions and showed that moving anteriorly increased coupling with the dlPFC and parts of vlFC and insula, whereas moving posteriorly led to increased coupling with the PCC and precuneus, sensorimotor, and parietal regions (SI Appendix, Fig.  S9B ). Finally, another statistical comparison between the coupling patterns associated with the RCZa/CMAr, RCZp/CMAv, and pgACC further confirmed the existence of differences in coupling between the most anterior cingulate motor area and the dorsal part of the pgACC (SI Appendix, Fig. S9C ).
Finally, we sought to identify human brain regions resembling the ACC region in which neurons have been recorded that encode reward prediction errors (51, 52) (Fig. 4C ). This region most closely resembled the human RCZa (Fig. 4B ).
OFC and FP. In macaques, neurons in the medial orbital sulcus in central OFC have been associated with context-independent value representation (53), whereas the lOFC has been associated with credit assignment (54) . There is also evidence of a link between human lOFC and credit assignment (55) . Human FPl has been implicated in coding the value or relevance of alternative choices or strategies that are not pursued at the moment but which might be in the near future (8) .
We attempted to match human posterior lOFC and anterior lOFC/FP regions with regions in the monkey. There has been particular interest in the possibility that human lOFC, especially the posterior lOFC, is important when adverse outcomes, including punishment, lead to behavioral change (33, 56) . However, it has proved difficult to identify a particular region of macaque OFC in which neurons are specialized for responding to punishment, and instead reward-related neurons have been found across the medial-lateral extent of the OFC (57-59). One possibility is that there is a major difference between human and macaque OFC, but an alternative hypothesis is that the lOFC, even in humans, is not just concerned with punishing outcomes but that it is concerned with using any outcome, positive or negative, to guide behavioral change. For example, positive outcomes might lead to behavioral changes in learning situations. Consistent with this idea, some recent studies have suggested that the same lOFC region previously highlighted as responsive to punishers (33, 56) has a more general role in credit assignment and the linking of stimuli to reward outcomes (55, 60) (Fig. 5A) . In contrast, more anterior lOFC areas in humans are active during decision making under ambiguity (61) (Fig. 5B) .
The human posterior lOFC region was, in terms of its strong positive functional coupling with the vmPFC, ventrolateral PF (vlFC), ventral striatum, and temporal cortex, and its negative coupling with the ACC, sensorimotor, and parietal areas, most similar to a region in the monkey lOFC. Such a correspondence is consistent with this region being concerned with the mediation of behavioral change as a result of a general role in learning stimulus-reward associations (55, 60, 62) . However, we were unable to match the more anterior human lOFC region linked to ambiguity (Fig. 5B) , which positively coupled with the mid-IPL, FPl, and dlPFC, and negatively coupled with the ACC, vmPFC, precuneus, ventral striatum, and temporal cortex, to any of the 448 ROIs in the monkey frontal cortex. Formal statistical comparisons of the coupling patterns associated with human anterior and posterior lOFC confirmed the existence of differences in both species (SI Appendix, Fig. S10A ).
Next, we sought human regions corresponding to areas investigated in the macaque. Neurons in the monkey medial orbitofrontal sulcus encode context-invariant values of goods (53) . This region showed strong positive coupling with the rest of the OFC, regions in the temporal lobes (temporal pole, parts of the hippocampus, superior and inferior temporal gyri, perirhinal cortex), lateral occipital cortex, and ventral striatum, and negative coupling with sensorimotor areas and premotor areas (Fig.  5C ). It matched a region with a similar coupling profile in the posterior part of the human central OFC. This part of the human brain is not the same as the more medial vmPFC regions that have been the focus of investigations of value encoding in the human brain (Fig. 2) , but it is similar to a region in which activity has been related to the identity of reward outcomes (60) . In this central OFC region, unlike in the lOFC, activity is related to the identities of rewards rather than the association between rewards and predictive cues. We conducted a formal statistical comparison between the coupling patterns of a vmPFC/medial OFC region and a lateral OFC region (SI Appendix, Fig. S10B ). This comparison confirmed significant differences between these two regions, which have previously been linked with processing of positive and negative outcomes (33) or value comparison and credit assignment (8), respectively. Statistical comparisons of the coupling patterns associated with the vmPFC (Fig. 2A) , central OFC (Fig. 5C) , and lateral OFC (Fig. 5A) Fig. S12A ). This finding suggests that there are not only important differences between the vmPFC/medial OFC and lateral OFC (33, 56) , but that a central OFC region is also distinct.
A region in monkey FP (Fig. 5D ) implicated in linking choices with their outcomes (63) exhibited strong positive coupling with the PCC, hippocampus, temporal pole, and head of the caudate, and negative correlation with the cingulate motor areas, insula, and IPS (Fig. 4D) . It therefore matched a region in human FPm.
DW-MRI Parcellation of Medial and Orbital Frontal Cortical Areas for
Decision Making. So far, our comparison of fMRI coupling patterns in macaques and humans has suggested several correspondences, but it has also suggested a more fine-grained fractionation of the vmPFC, OFC, ACC, and FP than is often assumed. In the next part of our investigation, a different imaging modality and analysis approach, DW-MRI tractography, was used to provide an independent test of the parcellation of the human frontal cortex suggested by the fMRI coupling pattern analysis.
DW-MRI can be used to estimate the structural connectivity of each MRI voxel and this information can then be used to group together voxels sharing similar profiles of connectivity with the rest of the brain (64) . Despite the technique's limitations (65), the areas previously identified using the DW-MRI approach correspond in their spatial position to areas identified in cytoarchitectural analysis (19, (66) (67) (68) (69) . A previous parcellation of human ACC on the basis of DW-MRI tractography has been published (70) , but the region investigated in that study excluded much of the vmPFC, all of the OFC, the area between the ACC and FP, and because it did not establish dorsal boundaries of ACC areas it left open the possibility of additional areas. Here we investigated a much larger ROI comprising the vmPFC, ACC, FP, and OFC in their entirety and extending into the adjacent PCC and dorsal frontal cortex.
We ran probabilistic tractography from each voxel in the ROI (Fig. 6A ) in 38 right-handed human participants in both left and right hemispheres with and without paracingulate sulci. In general, the paracingulate sulcus is prominent in the left but not always in the right hemisphere (71), and so results are shown for the left hemisphere in cases with a paracingulate sulcus (Fig. 6B ) and in the right hemisphere in cases lacking a paracingulate sulcus (SI Appendix, Fig. S3 ). The results were, however, broadly similar. We correlated the pattern of structural connectivity of every voxel in the ROI with all other voxels in the same ROI and obtained a symmetric cross-correlation matrix. We then used k-means clustering to group together voxels with similar connection patterns. We used this approach recursively, dividing the initial ROI into two smaller subdivisions and subsequently subdividing the resulting areas further in three to four parcellation steps. We stopped when results ceased being consistent across subjects. In a final step we returned to the fMRI data and established the functional coupling patterns of all of the DW-MRI parcellationderived subregions and compared them with the coupling fingerprints of the functional areas investigated in the first part of the study (Fig. 6C ) and with the 448 monkey frontal ROIs aiming to find the closest match for each (SI Appendix, Fig. S5 ).
We found five clusters in the dorsal ACC bordering medial aspects of M1, SMA, pre-SMA, and 8m [which were in turn also identified by this parcellation but were already discussed elsewhere (17) ]. Three overlapped with clusters 4, 5, and 6 as proposed by Beckmann et al. (70) and which correspond to the areas Picard and Strick (46) call RCZa, RCZp, and CCZ (Fig. 6B , red, orange, and brown), with left hemisphere centers of gravity [−9, 20, 34] , [−8, 7, 40] , and [−11, −26, 42], respectively. The functional coupling patterns of the RCZa and RCZp resembled coupling patterns of the two cingulate areas in the first part of the study (Fig. 4) . More ventrally, we delineated two regions that, together, overlapped with Beckmann et al.'s (70) cluster 7. These were termed 23a/b and 24a/b (Fig. 6B, green and dark-yellow) with centers of gravity [−4, 19, 23] and [−6, −15, 35] . These regions were coupled to each other, to the premotor cortex and SMA, to the IPL, and to some degree with the dlPFC and with negative coupling with temporal lobe areas (SI Appendix, Fig. S4 ). There was a posterior-to-anterior gradient of decreasing sensorimotor and pallidal coupling and increasing dlPFC and caudate head coupling. Similar coupling patterns are found for monkey cingulate gyrus areas, such as 24 and 23d (SI Appendix, Fig. S4 ) (72) . The functional coupling pattern of the more anterior part of 24 suggested a correspondence with the pgACC area (27) implicated in cost-benefit decision making (Figs. 3C and 6C ).
More anteriorly, on the medial surface we delineated seven clusters (Fig. 6B) . A subgenual area (Fig. 6B, green) (73) . The fMRI coupling pattern associated with the more dorsal of these, area d32, resembled the coupling pattern of the dorsal pgACC area linked to cost-benefit decision making during foraging (10) . A medial area 9 and a medial FP cluster were also found ( (Figs. 5D and 6C) .
On the lateral surface, we delineated three clusters (Fig. 6B (19, 69) , and two distinct components of area 47/12 we refer to as 47/12m (anterior) and 47/12o (posterior), respectively (31) . FPl, which resembled the ambiguity area described by Levy et al. (61) (Figs. 5B  and 6C ), exhibited little correspondence with areas in the macaque brain (19) . Area 47/12m exhibited only a limited degree of correspondence with macaque 47/12. Area 47/12o, which resembled the lOFC region concerned with credit assignment (55) (Figs. 5A and  6C ), resembled the posterior part of 47/12 in macaque.
Next we divided the central part of the OFC into areas corresponding to clusters 2 and 3 of Kahnt et al. (74) (Fig. 6B , bright blue and black) with centers of gravity at [−13, 22, −21] and [−22, 30, −17]. These two central OFC areas had very distinct coupling patterns: the posterior region showed strong positive coupling with the ventrolateral frontal cortex, vmPFC, perirhinal cortex, the temporal pole, amygdala, and the ventral striatum, and so resembled area 13 in the macaque (31) and the region studied by Padoa-Schioppa and Assad (53) . In contrast, the more anterior OFC region, which we refer to as 11, coupled strongly with regions such as the dlPFC, vlPFC, vmPFC, temporal pole, and ventral striatum, and resembles a monkey anterior central OFC region.
In a final set of analyses we sought to investigate whether the human brain areas in the cingulate and OFC that we identified and the macaque brain areas we identified as homologous occupy a similar position within the brain networks of the two species (see also SI Appendix, Section 4). First, we calculated the dissimilarity matrices of all 23 study and parcellation-derived homologous frontal regions with one another within each species and performed a correlation between the two species' matrices. The two dissimilarity measures were highly correlated between species (ρ = 0.79, P < 0.001). Second, we calculated two measures of the centrality of the medial and orbital frontal regions within the network of target areas. Centrality measures indicate how important a node is within a network. Again, the correlations between species in these measures were highly significant (degree centrality: ρ = 0.57, P = 0.005; eigenvector centrality: ρ = 0.56, P = 0.005). Third, to provide another line of evidence regarding the "relational similarity" of the frontal areas under investigation, we performed a hierarchical clustering analysis for both species on the whole-brain functional coupling of all areas derived from the tractography-based parcellation of the human medial and orbital cortex (SI Appendix, Fig. S13A ) and their proposed monkey equivalents (SI Appendix, Fig. S13B ). The hierarchical clustering analyses did not reveal identical relationships between areas in the two species when they were examined at the finest level, but it can be seen that at the broader level clustering into families of regions is largely similar across species. Five broad groups of areas are identifiable in both species: (i) the cingulate motor areas, (ii) the perigenual and medial frontopolar regions, (iii) the vmPFC and anterior central OFC regions, (iv) the posterior medial and central OFC regions, and (v) the lateral OFC. This finding supports the idea that despite fine-grained differences between species, it is possible to identify broad similarities in the way that frontal areas interact in circuits in the two species.
Discussion
Despite its apparent sophistication, human reward-guided decision making and learning appears to depend on medial and orbital frontal cortical circuits that are similar to ones that can be identified in macaques. Moreover, careful inspection of the patterns of interregional interaction revealed a finer level of parcellation between component areas within the ACC, vmPFC, and OFC than is often assumed in decision-making investigations.
In a previous study of the parietal cortex it was shown that areas with distinctive DW-MRI-estimated connectivity profiles corresponded to distinct cytoarchitectural regions (66) (67) (68) . Although DW-MRI investigation is no substitute for more detailed investigation of cytoarchitecture, it may guide such investigations and it provides information about the approximate extent of anatomical areas on a scale that corresponds with the majority of human neuroimaging studies. Human vmPFC is one of the most frequently reported areas of activity in investigations of rewardguided decision-making, but it was possible to show that this area consists of subregions, each exhibiting a distinctive pattern of activity coupling with the rest of the brain. Moreover, in most cases the regions were associated with distinctive DW-MRIestimated connectivity profiles.
A region near area 14m has been linked to decisions or attentional selection of choices (21, 23, 29, 30) . In comparison with the ACC and OFC it was, in both species, distinguished by strong positive coupling with hypothalamus, ventral striatum, and amygdala (75) . Reward-related activity has been reported in a similar area in the macaque (5) and lesions here disrupt reward-guided decision making (76) . Two more anterior areas, 11m and 11, were linked with more abstract choices (28), but they nevertheless bore a resemblance to areas 11m and 11 in the macaque (31) . In monkeys lesions that include area 11 and area 13 disrupt decision making guided by contrasts in outcome identity and rewardspecific satiety, and not just reward amount (77) .
In monkeys, neurons in the central OFC encode the value of a specific item, regardless of the value of the other items with which it is presented (53) . The functional coupling of this region resembled that of a part of the human central OFC, area 13, but it was different to the more medial vmPFC areas that have been the focus of investigations of value representations in the human brain (Fig. 1) . The coupling did, however, correspond to the human region identified by Klein-Flügge et al. (60) as coding reward identity. This pattern of results is broadly consistent with the scheme suggested by Rudebeck and Murray (78) , in which value-based decisions and reward identity-based decisions are mediated by medial and central orbital regions, respectively. As discussed below, however, an even more lateral OFC region can be distinguished that is concerned with establishing stimulusreward associations and credit assignment (54, 55, 60) .
A dorsal medial frontal area in humans, area 9, was linked to decision making when the outcome had to be imagined or modeled in some way (30, 40) , and its activity coupling pattern resembled area 9 (79) in the monkey medial frontal cortex. A slightly more ventral area, d32, resembled the region active when decisions have to be made about whether rewards are worth the cost of foraging (10) . Although it has been argued that no exact homolog of human d32 exists in the macaque (73) , it was notable that its activity coupling pattern resembled that seen in the dorsal part of macaque area 32, which is in the anterior cingulate sulcus, a region sometimes called 32(s) (80) . A region with a similar coupling pattern in the monkey has also been associated with cost-benefit decision making (11) . The coupling pattern for this region could be distinguished from, but nevertheless resembled, a distinct region, pgACC, that is active when participants trade magnitudes of rewards against their respective delays (27). This cost-benefit comparison or derivation of a "common currency" appears to be a distinct process to the comparison of values associated with different choices to make a decision; this latter process is associated with more ventral parts of the medial surface in areas 11m and 14m (Figs. 2, 3 , and 6, and SI Appendix, Fig. S1 ).
Human d32 and monkey 32(s) are very distinct in their coupling patterns from more posterior dorsal ACC areas that have also been implicated in decision making, learning, and cognitive control. The more anterior RCZa/CMAr is responsive to feedback about motor strategies, especially when this is relevant to changes of behavior in the future both in humans (10, 43, 49, 50, 81) and macaques (51, 82) . This region seems more active whenever there is evidence that the current mode of action is suboptimal and alternative behaviors should be considered. The strong positive coupling of RCZa with areas involved in cognitive control-such as the dlPFC, supramarginal gyrus, pre-SMA, inferior frontal gyrus, and subthalamic nucleus-might support this function of seeking for alternative behavioral strategies. The more posterior RCZp area has been called a task-positive region that is active in situations of conflict (83) , when subjects need to engage in various different tasks (13) or during low-frequency responding (43) . Generally speaking, this area seems to be more active whenever there is a higher demand placed on motor control, be it conflict, effort, or infrequent motor behavior. The area's strong coupling with sensorimotor areas (M1), IPS, and areas that have been implicated in top-down motor control (SMA, PMd, ventral premotor area) might support this function. One might think of the different role of RCZp and RCZa as paralleling the role of areas 45 and 47/12: whereas area 45 seems to select certain objects and visual features for attention (84) , the more anterior area 47/12 might be more involved in learning new visual objects-reward associations (8) . RCZp and RCZa might do something similar in the action domain: whereas RCZp might help selecting and attending specific motor plans, RCZa might acquire evidence for switching behavioral strategies away from the current mode of action.
A correspondence was identified between the lOFC area 47/12o in macaques and humans. In contrast to the medial OFC and vmPFC and central OFC, monkey lOFC is necessary for associating specific outcomes with specific choices (54). Simi-larly, in humans it is more active in situations when specific rewards can be associated with specific outcomes (55, 60) . Its coupling pattern-strong positive correlation with vlFC, middle and inferior temporal lobe areas, as well as the perirhinal cortex, would put this area in an excellent position to access visual information of varying degrees of abstractness, whereas its strong coupling with the ventral striatum, amygdala, and the vmPFC link it with reward and value-guided choice networks. The area is therefore ideally placed for credit assignment and learning about which sensory features in the environment are rewarding.
When decisions have to be made in highly ambiguous situations, a more anterior lOFC/FPl region tends to be active (61, 85) . Moreover, the FPl has been proposed to track values of alternative choices (21, 37) and stores information about alternative strategies or task sets when they should not be used at the moment but might be returned to later (86, 87) . In short, this region shows activity correlated with the number of alternative options, strategies, and task sets, or the amount of evidence that alternative options might be worth pursuing. This would put the area in a good position to signal uncertainty about the effectiveness of our current behavior, and therefore allow critical evaluation and metarepresentation of our decisions (88) . The FPl coupled strongly with the mid-IPL, dlPFC, and pre-SMA and was not matched to any monkey ROI. Note that the functional coupling pattern of human FPl was largely different from the coupling pattern of monkey FPm, as described by Tsujimoto et al. (63) . Our results suggest that Tsujimoto et al. (63) recorded from an area more similar to human FPm.
The similarity in areas' coupling patterns between species provides a strong case that these areas perform similar functions in the two species. This theory is further demonstrated by the comparison of different measures of the positions that the cingulate and orbitofrontal regions occupy within the larger brain network. The coupling with predefined target regions, the different measures of the centrality of the areas, and the grouping of areas into subnetworks based on their whole-brain functional connectivity all provide evidence for a largely conserved organization of decision making areas in these two primates.
To conclude, the fMRI coupling patterns of areas in the medial and orbital frontal cortex in humans and macaques suggest that several meaningful subdivisions can be identified even within areas, such as the vmPFC, that are often treated as unitary. Moreover, many correspondences can be identified between the species although they are not always those that are widely assumed. A small number of areas may be found only in humans and not in macaques.
Methods
Human Participants. Resting-state blood-oxygen level-dependent fMRI (rs-fMRI) and DW and T1-weighted structural images were acquired in 38 healthy right-handed (according to Edinburgh Handedness Inventory: mean ± SD, 0.84 ± 0.19) participants (20 female; age range: 20-45 y; mean age ± SD, 30.7 ± 10.1 y) on a 3T Siemens Magnetom Verio MR scanner in the same session using standard DW-MRI and rs-fMRI protocols (SI Appendix, Section 1). All participants gave written informed consent in accordance with ethical approval from the Oxford Research Ethics Committee. Participants lay supine in the scanner and cushions were used to reduce head motion. Participants were instructed to lie still and keep their eyes open and fixated at a cross. Twelve participants had no paracingulate sulcus in their left hemisphere (noparacingulate_left), 20 had a prominent paracingulate sulcus in their left hemisphere (paracingulate_left), and 22 had no paracingulate sulcus in their right hemisphere (noparacingulate_right). For both the rs-fMRI based functional coupling analyses and the DW-tractography-based parcellation, we calculated group results for the two most common patterns (paracingulate_left; noparacingulate_right), trying to establish whether any interindividual differences could be explained by the two factors hemisphere (left vs. right) or paracingulate sulcus (prominently present or absent). Both DW-tractography-based parcellation and rs-fMRI results yielded largely similar results for all subjects.
Human rs-fMRI Data Acquisition, Preprocessing, and Analysis. Analyses were performed using tools from FSL (Functional MRI of the Brain Software Library), the Human Connectome Project Workbench, and custom-made software written in Matlab (MathWorks). rs-fMRI data acquisition and preprocessing were carried out in a standard way, as previously described (66) (SI Appendix, Section 1). To establish the functional connectivity of each region, we created ROIs based on exemplary functional imaging studies with human participants that related a specific aspect of decision making to "activity" in a circumscribed part of one of these areas (SI Appendix, Table S1 ). We drew a cubic ROI (3 × 3 × 3 voxels; i.e., 6-mm isotropic) centered on the peak MNI coordinate of a given study. These ROIs were registered from MNI-space to each subject's individual rs-fMRI space via the T1-weighted structural image using FNIRT and brain boundary-based registration. Then the major Eigen time series representing activity in each of the ROIs was calculated.
Individual statistical maps were then calculated using a seed-based correlation analysis, which is part of FSL (fsl_sbca), as previously described (66, 89) , to infer the functional connectivity of these ROIs with the rest of the brain. For each ROI we created a model consisting of the first Eigen time series of that region and the confounding time series representing head movement (six regressors resulting from motion correction using MCFLIRT) and the Eigen time-series of white-matter and corticospinal fluid. The results of each individual subject's ROI-specific seed-based correlation analysis were then entered into a general linear model analysis. The resulting z-statistical images were projected onto the CaretBrain as provided by the Human Connectome Project Workbench using the "surf_proj" algorithm as implemented in FSL, and then visualized using the Human Connectome Project Workbench. Unthresholded z-maps were quantified by extracting the average intensity of each ROI's functional connectivity z-map in a number of cortical and subcortical regions of interest that we refer to as target regions to distinguish them from the orbital and medial frontal regions that were the focus of our investigation (SI Appendix, Table S2 ). These regions were chosen, first, because they are known to be interconnected with particular orbital and medial frontal regions in the macaque and so the functional connectivity patterns of different orbital and medial frontal areas are likely to be distinguishable on the basis of their coupling with these areas. Second, the areas were chosen because their homology in humans and macaques has already been established. We drew ROIs (3 × 3 × 3 voxels; i.e., 6-mm isotropic) centered on the coordinates listed in SI Appendix, Table S2 and then averaged the z-value from the unthresholded seed-based correlation analysis derived z-maps within these ROIs. These values were then displayed on a spider plot (Figs. 1-5 ). On the basis of these coupling fingerprints, the human decision-making areas were then compared with 448 different ROIs in the monkey frontal cortex to establish the monkey ROI with the most similar coupling pattern (see below). Note that the spider plots illustrate the simple correlation between a frontal lobe area and the target areas as opposed to partial correlations because: (i) It makes the link between the spider plots and the functional connectivity z-maps in Figs. 1-5 transparent.
(ii) It prevents underestimation of the coupling between a frontal area and a target area if they are both also coupled to a second target area (recall that the target areas were chosen because they were likely to be connected to the frontal areas being investigated). Comparisons between the coupling patterns of different frontal areas to a given target area become transparent even if only one of the frontal areas and the target area being examined are both coupled to another target area. (iii) It ensures that judgments about similarities in the coupling patterns of frontal areas in humans and macaques are not influenced by interspecies differences in the way that target areas are interconnected with one another. However, it is important to remember that although it is the case that such coupling patterns reflect monosynaptic connections, they do not do so exclusively (15) . In addition, a complementary analysis based on partial correlation is shown in SI Appendix, Fig. S6 .
In another analysis, monkey regions from different neurophysiological recording studies were compared, based on their functional coupling patterns, to 417 ROIs in the human frontal cortex. These 417 different ROIs (3 × 3 × 3 voxels; i.e., 6-mm isotropic) were drawn in equal distance to one another (6 mm) to cover the medial and orbital frontal and frontopolar cortex. The region covered everything that has been referred to as the ACC, OFC or FP (Fig. 5A) . It therefore comprised the whole region investigated by Beckmann et al. (70) , except the two most posterior clusters (8, 9) . The region included the cingulate gyrus and sulcus (including the dorsal bank of the paracingulate sulcus if present) and extended posteriorly to include all cingulate motor areas as delineated by Beckmann et al. (70) and Amiez and Petrides (90) . Therefore, the region covered the most anterior tip of the marginal sulcus but excluded the precuneus and PCC. Anteriorly, the region included the subgenual ACC and vmPFC. Moreover, it contained areas 9, FPm, and FPl, as delineated by Neubert et al. (19) and Sallet et al. (17) , the OFC, and the orbital part of the inferior frontal gyrus (pars orbitalis gyri frontalis inferioris). These 417 different ROIs were then registered from MNIspace to each subject's individual rs-fMRI space. To infer the functional connectivity of these 417 ROIs with the rest of the brain, we used exactly the same procedure as described above for the decision-making study-based ROIs. In this way we were able to obtain 417 different group z-statistical images that were subsequently used to generate 417 different coupling fingerprints, using exactly the same 23 cortical and subcortical target ROIs as mentioned above. These 417 different coupling fingerprints could then be compared with each of the monkey areas from neurophysiological recording studies (see below).
Macaque rs-fMRI Data Acquisition, Preprocessing, and Analysis. rs-fMRI and anatomical scans were collected for 25 healthy macaques (Macaca mulatta) (four females, age: 3.9 y, weight: 5.08 kg) under light inhalational anesthesia with isoflurane (for detailed information on anesthesia protocol, monitoring of vital signs, data acquisition, and preprocessing, see SI Appendix, Section 2). Protocols for animal care, MRI, and anesthesia were performed under authority of personal and project licenses in accordance with the United Kingdom Animals (Scientific Procedures) Act (1986).
The goal of this part of the study was to test for similarities between the functional networks of areas implicated in decision making in human and monkey frontal cortex. We therefore aimed to map the resting-state functional connectivity networks of areas derived from exemplary neurophysiological recording studies of macaque monkeys, which had related neuronal activity measures to specific aspects of decision making. We drew cubic ROIs (3-mm isotropic) centered on the center of gravity of the recording site of each study. These ROIs were registered from standard-space to each monkey's individual rs-fMRI space using FNIRT. Then the major Eigen time series representing activity in each of the ROIs was calculated and seed-based correlation analysis (fsl_sbca) was used, as in the human subjects, to infer the functional connectivity of these ROIs with the rest of the brain. As in the human subjects, unthresholded group z-maps were quantified by extracting the average intensity of each ROI's functional connectivity z-map with 23 cortical and subcortical target regions of interest (SI Appendix, Table S2 ). These coupling fingerprints of monkey "decision-making areas" were then compared with 417 different ROIs in the human orbital and medial frontal cortex to establish regions with the best corresponding functional coupling pattern (see below).
For the reverse comparison (matching human neuroimaging-derived decision-making regions to areas in the monkey frontal cortex), we drew 448 equally spaced cubic ROIs (3-mm isotropic) to cover the whole cingulate gyrus and sulcus, as well as areas 9, 10, 12, 45, 47/12, 14, 11, 13, and Iai, as defined by ref. 32 . These 448 different ROIs were then registered from standard-space to each monkey's individual rs-fMRI space using FNIRT. To infer the functional connectivity of these 448 ROIs with the rest of the brain, we used exactly the same fsl_sbca-based procedure as described above. In this way we were able to obtain 448 different group z-statistical images which were again used to generate 448 different coupling fingerprints using exactly the same 23 cortical and subcortical target areas as mentioned above. These 448 different coupling fingerprints could then be compared with each of the human areas from neuroimaging studies (see below). We also conducted DW-tractography-based parcellation of the same orbital and medial frontal region (Fig. 5A ) in our human participants (see below) and matched the functional coupling profiles of each of the different parcels to these 448 monkey ROIs using the same coupling fingerprint matching approach.
Comparison of Resting-State Functional Connectivity of Macaque and Human Decision-Making Areas. A formal comparison between human and macaque coupling patterns was performed by calculating the summed absolute difference [the "Manhattan" or "city-block" distance (17) (18) (19) of the coupling scores]. This process yielded a summary measure of the difference in coupling patterns for each pair of areas in the two species (e.g., for human "task-positive ACC" compared with monkey ROI number 267 the summed absolute difference between coupling profiles is 34.78). The summary measure can then be used to compare the functional coupling pattern of each human region with those of all 448 regions in the macaque and vice versa. The Manhattan distance has previously been used to compare the coupling patterns of brain areas across species (17) (18) (19) . It is a useful metric for comparing connectivity because it is summarizes the whole pattern of coupling for an area. It is the whole pattern of connectivity rather than any particular connection that distinguishes areas and so this metric is appropriate. In addition, unlike some other possible approaches, it is less sensitive to any idiosyncrasy in the estimate of any one connection. This summary measure was then back-projected onto the monkey brain for each of the 448 ROIs to show regions with low absolute difference in red and regions with high absolute difference in brown/black (Figs. 1-5) . Thus, the right hand side of Figs. 2-5 can be thought of as "heat maps" in which warm red colors indicate the regions in the brain of one species that best correspond with the area highlighted from the other species on the left hand side.
DW-Tractography-Based Parcellation of Orbital and Medial Frontal ROI. DW-MRI data were preprocessed in a standard way, as previously described (66) (SI Appendix, Sections 3 and 4). For each participant, probabilistic tractography was run from each voxel in the orbital and medial frontal ROI ( Fig. 6A and SI Appendix, Fig. 2A ) in three groups (noparacingulate_right, noparacingulate_left, paracingulate_left) to assess connectivity with every brain voxel (whole-brain "target" was down-sampled after tractography to 5-mm isotropic voxels for the connectivity matrix to be manageable; however, the whole orbital and medial frontal ROI was tracked in original FA space, using a model accounting for multiple fiber orientations in each voxel. A connectivity matrix between all orbital and medial frontal voxels and every other brain voxel was derived and used to generate a symmetric cross-correlation matrix of dimensions (number of seeds × number of seeds) in which the (i, j) element value is the correlation between the connectivity profile of seed i and the connectivity profile of seed j. The rows of this cross-correlation matrix were then permuted using k-means segmentation for automated clustering to define different clusters ( Fig. 6B and SI Appendix, Fig. 3 ). The goal of clustering the cross-correlation matrix is to group together seed voxels that share the same connectivity with the rest of the brain.
We used a recursive or iterative clustering procedure here similar to the one used by Beckmann et al. (70) and Neubert et al. (19) . In this way, the orbital and medial ROI was parcellated into subregions via three to four parcellation steps. Parcellation was stopped when the resulting parcel could not be further subdivided in a similar way in all subjects into either two, three, or four subregions (with preference to two over three and three over four). A subdivision was considered reliable if the topography of the different clusters was the same in all subjects of a particular group (for example noparacingulate_left).
